Turbulent forced convection flow of Al 2 O 3 /water nanofluid in a single-bare subchannel of a typical pressurized water reactor is numerically analyzed. The single-phase model is adopted to simulate the nanofluid convection of 1% and 4% by volume concentration. The renormalization group k-ε model is used to simulate turbulence in ANSYS FLUENT 12.1. Results show that the heat transfer increases with nanoparticle volume concentrations in the subchannel geometry. The highest heat transfer rates are detected, for each concentration, corresponding to the highest Reynolds number Re. The maximum heat transfer enhancement at the center of a subchannel formed by heated rods is ∼15% for the particle volume concentration of 4% corresponding to Re = 80,000. The friction factor shows a reasonable agreement with the classical correlation used for such normal fluid as the Blasius formula. The result reveals that the Al 2 O 3 /water pressure drop along the subchannel increases by about 14% and 98% for volume concentrations of 1% and 4%, respectively, given Re compared to the base fluid. Coupled thermohydrodynamic and neutronic investigations are further needed to streamline the nanoparticles and to optimize their concentration.
Introduction
The heat transfer coefficients in forced convection are governed by thermal conductivity of the fluid as well as by factors representing turbulence and the operating condition. These fluids, including oil, water, and ethylene glycol mixture, are rather poor heat transfer media. Their thermal conductivity plays an important role in the heat transfer between the working fluid and the heated surface.
An innovative way to improve the thermal conductivity of a fluid is to suspend nano-sized particles on the order of 1∼100 nm with high thermal conductivity in the base fluid with low thermal conductivity.
Generally, the thermal conductivity of the particles, metallic or nonmetallic, is typically an order of magnitude higher than that of the base fluids even at low concentrations resulting in significant increases in heat transfer (Table 1) .
Nanofluids thus lend themselves to potential candidates for next generation heat transfer media.
Literature exists [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] on the single-phase nanofluids forced convection flow in such various geometries as flat plates, circular tubes, noncircular channels, annuli, and cross flow over circular tubes. The previous results have underscored the enhancement of heat transfer due to the presence of nanoparticles in the fluids. In particular, the heat transfer coefficient increases appear to go beyond the mere thermal conductivity effect and cannot be predicted by such traditional pure fluid correlations as Dittus-Boelter's [4] [5] [6] [7] [8] [9] . Pak and Cho [1] experimentally investigated the convective heat transfer behavior of the γ-alumina (Al 2 O 3 ) and titanium dioxide (TiO 2 ) water-based nanofluids heated in a circular tube with constant heat flux. The Reynolds number Re and Prandtl number Pr varied in the ranges 10 4 -10 5 and 6.5-12.3, respectively. They observed that the Nusselt number Nu of the dispersed fluids for fully developed turbulent flow increased with increasing volume concentration as well as Re [1] . They showed that the Darcy friction factors for dilute dispersion fluids used in their study coincided well with the values predicted from Kays' correlation for turbulent flow of a single-phase fluid. Due to the increase in the viscosity of dispersed fluids, there is an additional pumping penalty of approximately 30% at a volume concentration of 3% [1] . Experimental investigation of fluid flow in fuel bundle geometry is generally costly, time consuming, and technically complicated, however. In contrast, computational fluid dynamics (CFD) is a nonexpensive method which has seen dramatic growth over the last decade on numerical simulation of nanofluid turbulent convection [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [17] [18] [19] .
Bianco et al. [5] [6] [7] [8] in a series of numerical study analyzed the turbulent forced convection flow of Al 2 O 3 /water nanofluid in a circular tube subjected to a constant and uniform heat flux at the wall. They showed numerically that the convective heat transfer coefficient for a nanofluid is generally greater than that of the base liquid and that the heat transfer enhancement increases with the particle volume concentration and Re.
Bianco et al. [6] employed single-phase and mixture models with constant thermophysical properties in order to simulate the Al 2 O 3 /water nanofluid. Their results from the single-phase and mixture models showed that the wall and bulk temperatures were quite similar for ϕ = 1%, while there was a deviation for higher concentrations. They stated that the accuracy of the model could be improved by using a better description of nanofluid thermophysical properties. Bianco et al. [8] also numerically investigated the heat transfer enhancement and entropy generation minimization (EGM) of nanofluids turbulent convection flow in square section tube subjected to constant and uniform wall heat flux. Their EGM analysis showed that, at low Re, the entropy generation on account of the irreversibility of heat transfer dominates, whereas with increasing Re and particles' concentration, the entropy generation due to friction losses becomes more important. They showed an optimal value of Re decreases as particles' concentration increases [8] .
Maïga et al. [9] studied numerically the hydrodynamic and thermal behavior of turbulent flow in a tube using the Al 2 O 3 /water nanofluid under the constant heat flux boundary condition. In their study a new correlation is proposed to calculate the fully developed heat transfer coefficient for the nanofluid considered.
Rostamani et al. [10] simulated the turbulent flow of copper oxide (CuO), alumina (Al 2 O 3 ), and oxide titanium (TiO 2 ) nanofluids with different volume concentrations of nanoparticles flowing through a two-dimensional duct under constant heat flux condition. They emphasized that both Nu and the heat transfer coefficient of the nanofluid are strongly dependent on nanoparticles and increase with the volume concentration of nanoparticles. Their results showed that the CuO/water and TiO 2 /water nanofluids have the highest and lowest shear stress values, respectively, due to the higher viscosity of copper oxide (CuO) in comparison to other nanofluids.
Behzadmehr et al. [11] numerically studied turbulent forced convection heat transfer in a circular tube with a nanofluid consisting of water and 1 vol. % of Cu nano particle. Applying the two-phase mixture model they showed that adding 1% nanoparticles increases Nu by more than 15% while it does not substantially affect the skin friction. They stated that the accuracy of the mixture model could be improved by using suitable effective physical properties for nanofluid instead of volume weighted average of particle and fluid properties, though.
Corcione et al. [12] theoretically analyzed the heat transfer of nanoparticle suspensions in turbulent pipe flow. They assumed nanofluids behave more like single-phase fluids than like conventional solid-liquid mixtures. They showed the existence of an optimal particle loading for either maximum heat transfer at constant driving power or minimum cost of operation at constant heat transfer rate.
Rahimi-Esbo et al. [13] numerically studied the turbulent forced convection jet flow of nanofluid in a converging duct. They showed that by increasing the volume fraction from 0% to 5%, the average Nu on the down wall is enhanced by more than 8%.
Ghaffari et al. [14] numerically investigated turbulent mixed convection heat transfer of the Al 2 O 3 /water nanofluid throughout a horizontal curved tube using a two-phase mixture model. They showed that at the low Grashof number Gr, the turbulent intensity augments with the nanoparticle concentration. While at the higher Gr, where the effect of buoyancy-induced secondary flow becomes important, using higher nanoparticle concentration decreases the flow turbulent intensity across the vertical plan. They showed that the nanoparticle volume fraction enhances Nu. However, its effect on the skin friction coefficient is not significant. Massoudi and Phuoc [15] discussed briefly the constitutive modeling of the stress tensor for nanofluids.
Mansour et al. [16] investigated the effect due to the uncertainty in the values of the physical properties of the Al 2 O 3 /water nanofluid on their thermohydrodynamic performance for both laminar and turbulent fully developed forced convections in a tube with a uniform heat flux. They analyzed two types of problems: replacement of a simple fluid by a nanofluid in a given installation and design of an elementary heat transfer installation. They illustrated that the required pumping power for a fixed heat transfer rate and required tube length for fixed mass flow rate and bulk temperature change sizably with the thermophysical properties of the nanofluid.
Palm et al. [20] numerically investigated heat transfer enhancement capabilities of coolants with suspended metallic nanoparticles inside typical radial flow cooling systems. Their results clearly indicate that considerable heat transfer benefits are possible with the use of these fluid/solid particle mixtures.
Eastman et al. [21] reported on interesting properties of nanofluids in their review. They mentioned that although the potential for the use of nanofluids in a wide variety of applications is promising, a key stumbling block seriously hindering the development of the field is that a detailed atomic-level understanding of the mechanisms responsible for the observed property changes remains elusive.
There has recently been an increasing interest in practical application of nanofluid in nuclear reactor technology [17, 18, [22] [23] [24] [25] . Considering cooling application of nanofluid it seems that the nanofluids can potentially be applied to power plant cooling and safety systems owing to their enhanced properties such as thermal conductivity for instance. The importance of heat generation and heat transfer processes in nuclear reactors is probably best emphasized by the fact that the rate of heat release and consequently power generation in a given reactor core is limited by thermal rather than by nuclear considerations. There is no limit to the neutron flux level attainable in a reactor core, but the heat generated must be removed well enough.
Kim et al. [22] have worked on application of nanofluid to nuclear reactor. They evaluated the feasibility of nanofluids in nuclear applications by checking on the performance of any water-cooled nuclear system that is heat removal limited. The nanofluids may as well be used in the emergency cooling system, where they could cool down the overheated surfaces more quickly leading to improved power plant safety. Buongiorno and Truong [23] have shown that that circulation of water-based nanofluid in the primary cooling loop of light water reactor (LWR) will improve the heat removal from the core. However, using nanofluids as working fluids has a number of limitations because any change in the reactor core materials affects the criticality and hence the effective neutron multiplication factor. Previous studies of the application of nanofluids to LWR predicted that among nanofluids at low volume concentrations, both the alumina and zirconia nanoparticles are basically transparent to neutrons. They can be used in LWRs since their contribution to coolant activation is minimal [23] [24] [25] .
Buongiorno et al. [24] assessed the feasibility of using nanofluids to enhance the in-vessel retention capability in light water reactors. They assessed the benefits of critical heat flux enhancement by nanofluids for decay heat power removal. Their analysis indicates that the use of nanofluid can increase the in-vessel retention capability of nuclear reactors by as much as 40% [24] .
Hadad et al. [25] have recently reported that Al 2 O 3 shows the lowest rate of multiplication factor dropoff in comparison to aluminum, copper oxide, copper, and zirconia nanoparticles with different concentrations in nanofluids. As compared with other nanomaterials such as carbon nanotubes, Al 2 O 3 nanoparticle is cheaper and has been used extensively in cooling application of nanofluids. Recently, Nazififard et al. [17] numerically evaluated characteristics of Al 2 O 3 /water nanofluids for prospective application to watercooled research reactors. Their results showed that the heat transfer is enhanced by about 4% using nanofluid of 1% by volume in comparison to the base fluid and that the pressure drop of nanofluids is only about 3% higher than that of the base fluid [17] . They also showed that injection of nanofluid into the core could help circumvent a runaway nuclear reaction even under normal operation and increase the safety margins. Nazififard et al. [18] numerically studied the waterbased nanofluid coolant for a typical small modular reactor as well.
The scope of the present paper is to make a further contribution to nanofluids turbulent convection in subchannel geometry by numerically investigating developing turbulent forced convection flow of Al 2 O 3 /water nanofluid in a subchannel.
CFD Methodology

Mathematical Modeling.
The fluid flow in the water cooled reactor is parallel to the fuel rod bundle, and the unit channel is called subchannel. A single subchannel is modeled using the flow symmetry which has been modeled extensively before [18, 19, [27] [28] [29] . Steady-state Reynolds-averaged Navier-Stokes, mass, energy, and turbulence equations were discretized and solved using FLUENT 12.1. The continuity, momentum, and energy equations are as follows [29] :
The renormalization group (RNG) k-ε model is used to simulate turbulence in ANSYS FLUENT [28] proposed by Yakhot et al. [30] to renormalize the Navier-Stokes equations and to account for the effect of smaller scales of motion. The RNG k-ε model is an alternative to the standard k-ε model. It generally offers little improvement over the standard k-ε model, though. Standard wall treatment was adopted near the wall for the momentum and energy equations [28] .
Computational Domain and Meshes.
The problem under consideration consists of steady, forced turbulent convection flows and heat transfer of a nanofluid flowing inside a subchannel of a typical pressurized water reactor (PWR). The computational model geometry and the grid were generated using GAMBIT, the preprocessing module for the FLUENT software [28] . The computational domain boundaries and meshes are shown in Figure 1 . The CFD domain consists of a subchannel with length L of 605 mm. The fuel rod diameter D is 9.5 mm, and the pitch-todiameter ratio P/D is 1.32. The hydraulic diameter D h of the subchannel is 11.8 mm. The channel has appropriate length in order to obtain fully developed velocity and temperature profiles at the outlet. The condition of the constant wall heat flux is considered in this study.
Mesh Generation Sensitivity and Turbulence Model.
The accuracy of finite volume method is directly related to the quality of the discretization used. In this study, structured hexahedral meshes are used which are known to provide higher accuracy and reduce the CFD computational effort (Figure 1 ) [27] . A comprehensive mesh sensitivity study was done to check on the influence of the mesh resolution on the results and to minimize numerical influences introduced by the size of meshes and their distributions. For mesh sensitivity analysis, four meshes of differing size were used ranging from 0.32 to 0.65 million for the single subchannel (Table 2) . Note from the cross-sectional view of meshes in Figure 1 that mesh refinement was improved in each mesh refinement process. The mesh refinement ratio (MRR) is defined as the ratio between consecutive meshes of mesh refinement. Table 2 shows that, for the considered subchannel, the mesh M4 appears to be satisfactory to ensure the accuracy of numerical results as well as their independency with respect to the number of nodes used.
Boundary Conditions.
The fluid enters with uniform temperature of T 0 = 293 K and velocity V 0 profiles at the subchannel inlet. Different inlet uniform velocities are applied which are listed in Table 3 . In order to validate the CFD model Re and thermal boundary condition were chosen to match Re of the available correlations [1, 9] . At the outlet of the computational model a relative average pressure equaling zero was defined. The surfaces of the walls were assumed hydraulically smooth. A constant heat flux q = 50 KW/m 2 is specified for the wall (rod surface). A similar approach with Bianco et al. [5] [6] [7] has been chosen to calculate the Re (Re = (ρ·v·D h )/μ) based on thermophysical properties of Al 2 O 3 /water nanofluid at different volume fractions of 1% and 4% at T 0 = 293 K.
Numerical Method.
The modeled cases were solved using ANSYS FLUENT software version 12.1 [28] . A segregated, implicit solver option was used to solve the governing equations. The first order upwind discrimination scheme was employed for the terms in energy, momentum, and turbulence parameters. A standard pressure interpolation scheme and SIMPLE pressure velocity coupling were implemented. A residual root-mean-square (RMS) target value of 10 −5 (10 −8 for energy equation) was defined for the CFD simulations.
The simulations are performed on the desktop computer with Intel Core I5 2.4 GHz with 4 GB installed RAM. The typical CPU time for each modeling was about 25,200 s.
Thermophysical Properties of the Nanofluids.
The determination of nanofluid thermophysical properties is an increasingly important area in nanofluid cooling applications. A considerable amount of literature has been accumulated on the basic nanofluid thermophysical properties over the past few years but at present there is no agreement within the nanofluid community about description of thermophysical properties [15, 21, 26] . The available experimental data are rather controversial, and there is no systematic study on thermophysical properties of nanofluids.
The single-phase approach is chosen to calculate the thermophysical properties of nanofluids as it is widely used in the literature [5-9, 17, 18] . In this model the homogenous mixture is assumed prior to solving the governing equations of continuity, momentum, and energy for the single phase fluid flow that the presence of nanoparticles is realized by modifying physical properties of the mixture fluid. It is assumed that there is no velocity difference between fluids and the particles, and the fluids and the particles are in thermal equilibrium [5] [6] [7] [8] . This assumption implies that all the convective heat transfer correlations available in the literature for single-phase flows can be extended to nanoparticle suspensions, providing that the thermophysical properties appearing in them are the nanofluid effective properties calculated at the reference temperature [11, 12] .
Note that most nanofluids used in practical applications usually comprise the oxide particles finer than 40 nm [9] . In the current CFD study the considered nanofluid is a mixture of water and particles of Al 2 O 3 38 nm in mean particle diameter. Equations (2)- (5) were used to compute the thermophysical properties of the alumina nanofluids for the CFD simulation [5-9, 17, 18] . The thermophysical properties of the Al 2 O 3 nanoparticle and water-based nanofluid are presented at temperature 293 K in Tables 4 and  5 , respectively,
In the absence of experimental data, classical formula for the two-phase mixture is used to calculate the nanofluid density which is a constant value independent of temperature [5-9, 17, 18]. Similarly, a couple of expressions are proposed for determining the nanofluids specific heat [1, 5-9, 17, 18] . Equation (3) is theoretically more consistent since the specific heat is a mass-specific quantity whose effect depends on the density of the components of a mixture [4-6]. The nanofluid viscosity is an important parameter for practical applications since it directly affects the pressure drop in forced convection. Equation (4) is purely experimental and turns out to be more apt than the classical models, such as Einstein or Brinkman, which drastically underestimate the nanofluid viscosity [5] [6] [7] [8] . Equation (5) is based on a classical model, nonetheless yields good estimation of the thermal conductivity in the present case [5] [6] [7] [8] [9] .
Results
Results are reported in terms of the average Nu, convective heat transfer coefficient, and pressure drop as a function of Re ranging from 20 × 10 3 to 80 × 10 3 , and particle volume concentrations of 0%, 1%, and 4%. Results were obtained by the single-phase approach with the constant heat flux q = 50 K W/m 2 on the wall. In all cases the particles size was considered equal to 38 nm. Results were validated by comparing the obtained ANSYS FLUENT results against the Dittus-Boelter correlation [31] 
Note that the above correlations calculate the heat transfer coefficient in a tube using the Al 2 O 3 /water nanofluid under the constant heat flux boundary condition. Figure 2 shows the development of the velocity magnitude along the subchannel centerline for ϕ = 4%. The results suggest the existence of a fully developed region for z = 25 × D h and Re = 20 × 10 3 , whereas the developing length z = 30 × D h for Re = 80 × 10 3 . It is clear that the fully developed values of the nondimensional centerline velocity (V/V in ) decrease as Re increases because the corresponding velocity profiles become more uniform as Re increases. It is noted that, downstream of the channel inlet, the boundary layer growth pushes the fluid towards the centerline region, causing an increase of the centerline velocity in accordance with [1, 11] . This may attribute to due to the fact that the corresponding velocity profiles become more uniform as Re increases. Figure 3 shows the profiles of velocity magnitude along the central line of channel for Re = 80 × 10 3 and ϕ = 0%, 1% and 4%, respectively. The numerical results show that, if the current assumptions are used to model the fluid properties, the presence of the nanoparticles does not affect the velocity profile.
Velocity and Turbulence.
The contour of velocity (m/s) and turbulent kinetic energy (m 2 /s 2 ) at the outlet for pure water at Re = 20 × 10 3 at outlet are depicted in Figure 4 .
The stability of the suspensions in nanofluids is the single most critical issue for enhancing heat transfer. Nanoparticles generally tend to settle down and deposit on the wall. The nanoparticle clogging is another problem which can change the thermo and hydrodynamic characteristics of the coolant. An important flow parameter affecting the homogeneity and stability of nanofluid in forced turbulent flow is the level of flow turbulence intensity. The turbulence intensity, TI, often referred to as turbulence level is defined as the ratio of the root-mean-square of the velocity fluctuations,ú, to the mean flow velocity U [28] . for nanofluid ϕ = 4% at the pressure outlet. The turbulent intensities are high at the walls and levels down away from the walls. Observe that there are regions of relatively high axial turbulence intensity on the rods close to rod gap. These saddle points are located on both sides at about 45
• from the gap between the rods. Behzadmehr et al. [11] showed that the particles can absorb the velocity fluctuation energy and reduce the turbulent kinetic energy.
Temperature Distribution.
Contours of temperature at the outlet for base fluid and nanofluids are shown in Figure 6 . Observe that the inclusion of nanoparticles has a beneficial effect on the wall and bulk temperatures of the nanofluid compared to base fluid. Figure 7 illustrates the coolant temperature distribution along the centerline of the subchannel for different volume concentration of nanofluids. Note that there is a steady increase in the coolant temperature distribution along the channel for all the cases. As the coolant moves along the channel, it absorbs heat. Note that the bulk temperature for ϕ = 1% and ϕ = 4% is lower than the case of base fluid. The FLUENT results point to the temperature decrease due to the presence of the particles considering the constant heat flux at the wall (rod surfaces) for all cases.
Heat Transfer.
Heat transfer calculations were made for different volume concentration of nanofluid by applying a constant temperature to the inlet of the channel and a constant uniform heat flux to rod walls along the subchannel. In this study the local and average heat transfer coefficients are defined as follows:
The average heat transfer coefficient for all the concentrations and considered Re is reported in Figure 8 . Notice the useful contribution to the heat transfer provided by the inclusion of nanoparticles in comparison to the case with just the base fluid. Also note that heat transfer increases with the particles volume concentration and Re. The highest heat transfer rates are identified, for each concentration, at the highest Re. The observed increase in heat transfer coefficient could be attributed to improved thermophysical properties of the mixture with respect to the base fluid. Thus, a nanofluid with higher thermal conductivity increases the heat transfer along the channel. Moreover, the term ρ · c p increases; therefore, more energy is required to increase the bulk temperature with respect to the case of the base water [5-9, 17, 18] . However, the difference between the wall and bulk temperatures decreases with respect to the case of the base fluid provoking the increase of the heat transfer coefficient. Previous studies [1] [2] [3] [4] [5] [6] [7] [8] [9] have yet shown that the increase in heat transfer is generally higher than that of the thermophysical properties. These explanations are not convincing enough to explain the increase in the heat transfer due to a nanofluid. A Nu study was carried out by taking averages over the wall surface in the region. The results are given in Table 6 . The average Nu is defined as follows: Figure 9 shows the average Nu for all the concentrations and Re compared against the experimental and numerical correlations available in the literature [1, 9] . The ANSYS FLUENT results are compared against the experimental correlations proposed by Pak and Cho [1] and the numerical correlation proposed by Maïga et al. [9] . Bianco et al. [5, 6] reported that the Maïga et al. [9] correlation overestimates the values provided by Pak and Cho [1] by about 20% which is clearly shown in Figure 10 . However, this overestimation can be considered acceptable, as reported also by Buongiorno [4] . The Pak and Cho [1] correlation concurs with the FLUENT result at Re = 20×10 3 , while at higher Re = 80 × 10 3 the Maïga et al. [9] correlation agrees with the FLUENT result.
Pressure Drop.
The pressure drop of the coolant in the heated channel is one of the central parameters determining the efficiency of nanofluids application. The pressure drop and coolant pumping power are closely related. The pressure distribution in the subchannel for different volume concentrations of nanofluid at different Re is shown in Figure 11 . It is clear that there is a linear decrease in the pressure drop along the channel for all the cases. Figure 11 clearly shows that the pressure drop of nanofluids increases with the increasing volume concentrations. This result may be explained by the fact that the density and viscosity are the main thermophysical parameters which could influence the coolant pressure drop and coolants. Several studies [1] [2] [3] [4] [5] [6] [7] [8] [9] have revealed that that the pressure drop of the nanofluids fairly matches with the values predicted by the conventional correlations of base fluid for both laminar and turbulent flows. Hence, the conventional fraction factor correlation can be used for the pressure drop prediction. The experimental study by Xuan and Li [3] implied that the friction factor correlation for the singlephase flow (base fluid) can be extended to the dilute nanofluids. Figure 12 shows the pressure drop along the channel compared with pressure drop estimated by Blasius formula.
It assumed that the wall of the channel is smooth and the friction factors may as well be determined for turbulent flow as in a smooth pipe pursuant to the Moody diagram or alternative correlation. For 2300 < Re < 100 × 10 3 , the singlephase flow turbulent friction factor for a smooth tube may be estimated by the Blasius formula as follows:
The pressure loss due to the flow friction may be calculated as follows: Figure 13 shows the performances of the Blasius correlations to predict the pressure drop of nanofluid. The Blasius correlation underestimates the result, but the differences are less than 3% at Re < 40 × 10 3 . The maximum difference is found for Re = 80 × 10 3 , which is about 5%.
For easy understanding of the pressure drop of the nanofluid, the differences in pressure drop along the subchannel for nanofluid are compared with base fluid which is defined as follows:
The result reveals that the Al 2 O 3 /water pressure drop increases by about 14% and 98% for ϕ = 1% and ϕ = 4% of, respectively, given Re.
Conclusions
Numerical simulation has been presented on heat transfer characteristics and pressure drop of Al 2 O 3 /water nanofluid in subchannel geometry under steady state turbulent flow. The homogenous fluid assumptions with modified thermophysical properties were taken into account in order to simulate the Al 2 O 3 /water nanofluid. The CFD predictions were compared against the available experimental data and literature correlations. The following conclusions can be drawn from the present study.
(i) CFD predictions were shown to reproduce the enhancement in heat transfer, with respect to the base fluid, known to characterize nanofluids. Convective heat transfer and friction pressure drop were correctly predicted to increase with the Al 2 O 3 nanoparticle concentration.
(ii) The Pak and Cho [1] correlation concurs with the FLUENT result at Re = 20 × 10 3 , while the Maïga et al. [9] correlation agrees with the FLUENT result at Re = 80 × 10 3 .
(iii) The Blasius correlation underestimates the FLUENT result, but the differences are less than 3% at Re < 40 × 10 3 . The maximum difference is found for Re = 80 × 10 3 , which is about 5%.
(iv) The result reveals that the pressure drop of nanofluid along subchannel increases by about 14% and 98% for ϕ = 1% and ϕ = 4% of, respectively, given Recompared to the base fluid.
A complete understanding of heat transfer performance of the nanofluids is prerequisite to their practical application to a commercial nuclear reactor. It is recommended that further research be undertaken to analyze nanofluids for apt nanoparticle and its optimum concentration in the base fluid. Coupled thermohydrodynamic and neutronic investigations are further needed to streamline the nanoparticles and to optimize their concentration. Nu (Maïga et al.) [9] (c) Base fluid Re = 80000 Nanofluid 1% vol. Re = 20000 Nanofluid 1% vol. Re = 40000 Nanofluid 1% vol. Re = 60000 Nanofluid 1% vol. Re = 80000 Nanofluid 4% vol. Re = 20000 Nanofluid 4% vol. Re = 40000 Nanofluid 4% vol. Re = 60000 Nanofluid 4% vol. Re = 80000 
